A nearly quantitative 18-component synthesis of a nanocontainer, which is built up from six bowl-shaped cavitands that are connected together with 12 -CH¼N-CH 2 CH 2 -N¼CH-linkers, and its subsequent reduction are described. This nanocontainer has an estimated cavity volume of 1,700 Å 3 , large enough to encapsulate several smaller guest molecules or a small-sized biomacromolecule. Potential uses of this nanocontainer and of water-soluble derivatives are in drug delivery, wastewater detoxification, separation technology and as molecular reactor for controlled oligomerizations. Typically, the four-step synthesis of the cavitand building block and the subsequent multicomponent synthesis of the nanocontainer, including its purification, can be accomplished in about 4 weeks.
INTRODUCTION
Molecular container compounds are hollow spherical hosts with cavities that allow accommodation of one or multiple guest molecules [1] [2] [3] . They are of great interest as nanoreactors 4, 5 , in which fleeting intermediates are stabilized [6] [7] [8] [9] , reactions accelerated 10, 11 and regio-and stereochemistry altered [12] [13] [14] , as well as for solar energy conversion 15 , nanodevice fabrication 16 , drug delivery 17 , storage and separation technology 18 . The discovery of self-assembly processes involving hydrogen bonding or metal coordination, in which multiple building blocks spontaneously assemble to form spherically and cylindrically shaped molecular capsules held together by hydrogen bonding or metal-ligand interactions, has tremendously increased the diversity of capsules with respect to shape and size [19] [20] [21] [22] [23] . The efficiency of such self-assembly approaches is best demonstrated in the quantitative multicomponent synthesis of structurally well-defined molecular spheres with cavity diameters that reach 5 nm (see refs. 24, 25) . The synthesis of similar-sized nanocapsules, in which building blocks are covalently linked, is especially desirable for biomedical applications. We recently reported a nearly quantitative one-pot 18-component synthesis of an octahedral nanocontainer that is built up from six bowl-shaped cavitands and 12 linker units held together by 24 newly formed imine bonds ( Fig. 1 ) (ref. 26) . Our approach strongly surpasses earlier multistep covalent synthesis of related nanocontainers in its simplicity and efficiency, which should facilitate applications in medicinal, analytical, chemical and material sciences 27, 28 . Important was the choice of imine bonds to connect building blocks during the synthesis. Imine bond formation is reversible, which provides an error correction mechanism such that ultimately the thermodynamically most stable product-in this case 1-is obtained 29, 30 . A subsequent reduction of all 24 imine bonds fixes the structure and produces amino groups that allow further functionalization of the nanocapsule. From molecular mechanics calculations, a cavity volume of approximately 1,700 Å 3 was estimated for 1 and 4, which is sufficient for encapsulation of multiple small organic molecules or a small biomacromolecule. We see potential use of suitably functionalized or immobilized nanocapsules in drug delivery, wastewater detoxification, separation technology or as building blocks for new sensors.
The synthesis of 1 involves condensation of six tetraformylcavitands 2 with twelve 1,2-ethylene-diamines 3 in chloroform in the ( Fig. 2 ) (see refs. 31-34 and Boxes 1-4). It is stable in the solid state but the formyl groups slowly oxidize in aerated solution, which substantially lowers the yield of its condensation reaction with 3.
Upon mixing 2 and 3, hexamer 1 forms slowly at room temperature (22 1C) . Equilibrium is reached after 2-3 days. The reaction is best monitored by 1 H NMR spectroscopy (Fig. 3) . Spectra taken at an early stage of the reaction show substantial amounts of tetramer 8, which subsequently converts into 1 (Figs. 3b and 4) . After full equilibration, the hexamer to tetramer ratio is approximately 15:1 (Fig. 3c) . We have carried out this reaction on a half-gram scale and do not find a decrease in the yield of 1 as long as the reactants are of high purity. On the other hand, the condensation reaction is remarkably solvent dependent 35 . In solvents other than chloroform, the yield of 1 is considerably lower and other nanocages form preferentially. For example, in tetrahydrofuran (THF), tetramer 8 is the major condensation product and octamer 9 in dichloromethane (Fig. 4) . For a discussion of the solvent effect on the outcome of the condensation reaction between 2 and 3, the reader is referred to ref. 35 .
The reduction of all imine bonds of 1 with NaBH 4 is quantitative and leads initially to boramines -CH 2 N(BH 2 )-, which have to be hydrolyzed under acidic conditions. Hydrolysis is slow and should be carried out at room temperature. We observe substantial acetal cleavage if hydrolysis is carried out at elevated temperature. An intramolecular acid catalysis by the ammonium groups might contribute to this side reaction ( Fig. 5) . Vacuum THF Dry and deoxygenate THF (Fisher Scientific, cat. no. T425-4) either with a solvent purification system (e.g., SolvTek) by passing it under nitrogen through an activated alumina column and a column containing a copper oxygen scrubber or by distilling it under nitrogen from sodium with sodium benzophenone ketyl as an indicator. N,N-dimethylformamide Evacuate N,N-dimethylformamide (DMF, SigmaAldrich, cat. no. 494488) for 5 min at 0.1-1 mm Hg, in order to remove trace amounts of amines. Vent with nitrogen or argon and store over activated molecular sieves (4 Å ) under argon or nitrogen. n-Butyl lithium n-Butyl lithium (BuLi, 2.5 M solution in hexanes; SigmaAldrich, cat. no. 230707) slowly decomposes at room temperature. Even though an excess of BuLi is used, the concentration of BuLi should be determined as described in detail in refs. 36,37, if the BuLi solution has been stored for a longer time at room temperature. EQUIPMENT SETUP HPLC Set up a preparative HPLC method with a flow rate of 15 ml min À1 and UV-visible detection at l ¼ 280 nm. 2| Weigh out 65.3 mg (72.6 ml; 1.09 mmol) ethylenediamine (3) into a 1.8 ml vial. Add 1.0 ml chloroform into the vial and close the cap. m CRITICAL STEP Ethylenediamine is added in a 2.8 mol% excess relative to the tetraformyl cavitand (2), as the condensation reaction is accelerated by the presence of trace amounts of ethylenediamine. It should be of high purity in order to obtain a high yield. Ethylenediamine can react with carbon dioxide and be oxidized in air. Therefore, exposure to air should be minimized.
3| Place 490 mg (0.528 mmol) tetraformyl cavitand (2) into an 11.1 ml vial. Add 2.0 ml chloroform and sonicate for 1 min.
4| Transfer the solution into the reaction flask using a 500 ml glass syringe. Rinse the vial four times with 0.5 ml chloroform each. Add additional 30.0 ml chloroform into the reaction flask. m CRITICAL STEP In solution, the formyl groups of 2 are easily oxidized by dissolved oxygen. As the yield of the condensation step also depends on the purity of the tetraformyl cavitand, exposure to air should be minimized and the reaction flask should be kept under positive argon pressure.
5|
Transfer the ethylenediamine solution into the reaction flask using a 500 ml glass syringe. Rinse the vial six times with 0.5 ml each of chloroform. Add additional 3.0 ml chloroform into the reaction flask so that the total volume of chloroform is 41.0 ml.
6| While under argon, sonicate the solution for 2 min by immersing it in an ultrasound bath. This removes any dissolved oxygen, which will be exchanged for argon. formation of trace amounts of side products. However, this does not affect the reaction. ! CAUTION TFA is highly corrosive. If a Hamilton microliter syringe or an Eppendorf pipetter is used for the addition of the TFA, the syringe should be rinsed immediately with plenty of water and any TFA vapor inside the Eppendorf pipetter should be removed by passing a stream of air through the pipetter body.
8| Check the stoichiometry 30 min after TFA addition. Take out a 0.2 ml aliquot of the reaction solution and place it into a 10 ml round-bottomed flask. Remove solvent at rotavaporator at room temperature and remove residual solvent using a high vacuum line (room temperature, 10 min).
9| Dissolve the residue in 0. 6 ). Check the stoichiometry again 30 min later, if more reagent was added. m CRITICAL STEP The yield of the condensation step is highest if the stoichiometry between ethylenediamine and tetraformyl cavitand is 2:1.
10|
Continue stirring for an additional 41 h at room temperature under argon. ' PAUSE POINT Can be left for 41 h at room temperature. m CRITICAL STEP We usually check the progress of the reaction by 1 H NMR spectroscopy as described in Steps 8 and 9 before proceeding to the reduction step (Step 11). If the integral of the nanocage imine signal (see Fig. 3c ) is smaller than 60% of the total imine integral, the reaction time should be increased by 24 h, after which another 1 1. Place a 2,000 ml three-necked round-bottomed flask in a heating mantle. Equip the reaction flask with a 250 ml addition funnel and a mechanical stirrer. Flush the flask with argon for 30 min. 2. Add 104 g (0.94 mol) resorcinol into the reaction flask. Add 470 ml water, 470 ml of 95% ethanol and 235 ml conc. HCl into the reaction flask.
Stir the reaction mixture until homogeneous solution. Equip the reaction flask with a thermometer. 3. Charge the additional funnel with 114 ml (95 g, 0.94 mol) hexanal. Add hexanal into the reaction flask dropwise over 1 h while stirring the reaction mixture vigorously. During the addition, product might start precipitating. 4. Remove the addition funnel and equip the reaction flask with a cold water condenser and turn on the cold water. Turn on the heating mantle and raise the temperature of the reaction mixture to 60 1C. Stir the reaction mixture at 60 1C for 3 days. 5. Turn off the heating mantle and remove it. Allow the reaction mixture to cool to room temperature. Remove the cold water condenser, the thermometer and the mechanical stirrer. 6. Filter off the precipitated product through a 2,000 ml medium porosity (10-16 mm) sintered glass filter funnel. Use the mother liquid to rinse the reaction flask and transfer all the solids into the filter funnel. Wash the crude product with distilled water until the filtrate is neutral (check the filtrate with pH paper). Air-dry the residue overnight. 7. Transfer the residue into a 1,000 ml round-bottomed flask and dry the crude product at a high vacuum line at 110 1C for 24 h. The crude product is used for the next step (Box 2) without further purification (typical yield 80-90%). For spectroscopic data of pure 5, see ref. 31 .
TIMING
Steps 1-3: 2 h; Step 4: 3 days; Steps 5 and 6: 8 h;
Step 7: 1 day. [4] arene 5 into the reaction flask. Stir the reaction mixture until homogeneous solution. 3. Add ice into the ice bucket and cool the reaction solution to below 10 1C. 4. Turn off light in the hood and wrap the reaction flask with an aluminum foil. Add 120 g (0.67 mol) NBS into the reaction flask in small portions so that the temperature of the reaction mixture stays below 10 1C. m CRITICAL STEP NBS is photo-and thermosensitive. Furthermore, the reaction is exothermic and the temperature may rise too quickly if the addition is too rapid. Therefore, the reaction should be conducted in the dark and the temperature of the reaction mixture should be kept below 10 1C during the NBS addition. ! CAUTION NBS partially brominates the solvent. These brominated by-products are strong lachrymators. Therefore, the reaction, the workup and the cleaning of the equipment should be carried out in a well-ventilated fume hood. 5. Remove the ice bucket and allow the reaction mixture to warm up to room temperature. Stir the reaction mixture for 24 h at room temperature. 6. Remove the aluminum foil, the thermometer and the mechanical stirrer. 7. Pour the reaction mixture containing the precipitated product onto a 600 ml fine-porosity (4.0-5.5 mm) sintered glass filter funnel. Use the mother liquid to rinse the reaction flask and transfer the remaining solid into the filter funnel. Wash the solid five times with 100 ml precooled acetone (À20 1C). Wash the solid five times with 200 ml distilled water each. Wash the solid with additional 100 ml precooled acetone. Air-dry the crude product overnight. m CRITICAL STEP The product slightly dissolves in acetone. Product losses may occur if the product is washed with non-cooled acetone. 8. Transfer the product (white powder, typical yield 70-90%) into a 100 ml round-bottomed flask and dry it at a high vacuum line at 110 1C for 24 h. The product is pure enough to be used without further purification for the next step (Box 3). For spectroscopic data of pure 6, see ref. 32 .

Steps 1-4: 2 h;
Step 5: 1 day; Steps 6 and 7: 8 h;
Step 8: 1 day.
BOX 3 | PREPARATION OF TETRABROMO CAVITAND 7
Tetrabromo cavitand 7 is prepared as described in ref. 32. 1. Place a 1,000 ml three-necked round-bottomed flask in a heating mantle. Add 400 DMF ml into the reaction flask. Connect one neck of the flask to a high vacuum line and degas the solvent by applying vacuum for 5 min. 2. Vent with argon and keep the DMF under argon while equipping the flask with a mechanical stirrer and a thermometer. Add the third portion of 6.6 ml BrCH 2 Cl into the reaction flask. Continue stirring the reaction mixture at 65 1C for additional 24 h. 8. Add the fourth portion of 6.6 ml BrCH 2 Cl into the reaction flask and continue stirring the reaction mixture at 65 1C for an additional 24 h. 9. Turn off the mechanical stirrer and heating mantle. Remove the heating mantle. Allow the reaction mixture to cool to room temperature and leave the reaction mixture at room temperature for an additional 48 h without stirring. ' PAUSE POINT Can be left at room temperature for 48 h. 10. Filter off the product and inorganic salts through a 600 ml fine-porosity (4.0-5.5 mm) sintered glass filter funnel. Wash the precipitate twice with 45 ml DMF followed by three washes with 200 ml distilled water each to remove inorganic salts. Wash the residue twice with 45 ml methanol each. Air-dry the product overnight. 11. Transfer the residue into a 100 ml round-bottomed flask and dry the product at a high vacuum line at 110 1C for 24 h. The product (off-white powder; typical yield 80-95%) can be used without further purification for the next step (Box 4). For spectroscopic data of the pure product, see ref. 32 .
TIMING
Steps 1-3: 1 h; Steps 4-8: 4 days;
Step 9: 2 days;
Step 10: 8 h;
Step 11: 1 day.
14| Filter off the crude boramine mixture through a medium-porosity (10-16 mm) sintered glass filter funnel. Wash the white solid three times with 10 ml water each and air-dry it for 10 min. m CRITICAL STEP Before proceeding to Step 15, the completion of the reduction should be checked by 1 H NMR spectroscopy in CDCl 3 . The absence of imine protons at d ¼ 8.4 ± 0.2 indicates complete reduction. Otherwise, add 40 ml chloroform and repeat Steps 11 and 12.
15| Prepare a solution composed of 150 ml methanol and 15 ml concentrated hydrochloric acid.
16|
Transfer the crude boramine into a 250 ml round-bottomed flask containing a stirring bar. Rinse the funnel with 10 ml MeOH/HCl solution and transfer the rinse solution into the flask. Pour the leftover MeOH/HCl solution into the flask.
17|
Continue stirring for an additional 3.5 days at room temperature. Check the progress of the hydrolysis using ESI MS or MALDI-TOF MS. This is carried out by neutralizing a small sample (0.2-0.5 ml) with 1 M NaOH (aq) and extracting it into dichloromethane before sample preparation for MS in order to remove chloride ions. m CRITICAL STEP The product yield depends critically on the reaction time and is usually highest after about 3.5 days. If the reaction time is too short, the hydrolysis of B-N bond is incomplete. On the other hand, if the reaction time is too long, a noticeable number of the acetal groups (-OCH 2 O-) are cleaved.
18| Dissolve 7.5 g (187.5 mmol) NaOH in 10 ml water. Cool the solution to room temperature. Slowly add the solution into the reaction flask until the reaction mixture is slightly basic. Check pH of the solution with pH paper. 
BOX 4 | PREPARATION OF TETRAFORMYL CAVITAND 2
Tetraformyl cavitand 2 is prepared as described in refs. 33,34. 1. Transfer 5.0 g (4.42 mmol) tetrabromo cavitand 7 into a 500 ml three-necked round-bottomed flask containing a Teflon-coated magnetic stir bar. Dry the starting material at high vacuum at 110 1C overnight in order to remove traces of moisture and methanol. m CRITICAL STEP The starting material should be fully dried before use since the reaction is moisture-sensitive. 2. Allow the flask to cool to room temperature under vacuum. Turn off vacuum and vent the flask with argon. While under argon, equip the flask with a low-temperature thermometer and a rubber septum. m CRITICAL STEP Moisture should be prevented from entering the reaction flask. Therefore, the reaction flask should always be under positive argon pressure. 3. Add 250 ml dry THF into the reaction flask. Stir the reaction mixture until 7 is completely dissolved. m CRITICAL STEP THF should be fully dried before use. 4. Cool the reaction mixture to À78 1C by placing the flask into an acetone/dry ice cooling bath. It might be necessary to slightly increase the argon flow during the cooling of the reaction mixture. 5. Using a syringe, add 14.1 ml (35.4 mmol) n-BuLi (2.5 M in hexanes) into the reaction flask. Stir the reaction mixture at À78 1C for 20 min.
m CRITICAL STEP The yield of the reaction depends on the quality of n-BuLi. 6. Remove the acetone/dry ice bath and replace it with an ice/water cooling bath. Allow the temperature of the reaction mixture to rise to 0 1C.
Stir the reaction solution at 0 1C for 30 min. 7. Replace the water/ice bath with an acetone/dry ice bath and cool the reaction solution to À78 1C. Stir the reaction mixture at À78 1C for 5 min. Increase the argon flow during the cooling, if necessary. 8. Add using a syringe, 13.7 ml (177 mmol) dry DMF into the reaction flask. Stir the reaction mixture at À78 1C for 10 min. Remove the cooling bath and allow the reaction mixture to warm up to room temperature. Stir the reaction mixture at room temperature for an additional 1 h. m CRITICAL STEP DMF should be fully dried before use. 9. Pour 100 ml of 5% NH 4 Cl (aq) into the reaction flask and stir for 10 min. 10. Transfer the reaction mixture into a 1,000 ml separation funnel. Extract the mixture with 200 ml ethyl acetate (EtOAc). Separate layers.
Extract the aqueous layer twice with 100 ml EtOAc each. Combine the organic layers. Wash them with 100 ml of saturated NaHCO 3 (aq) and subsequently with 100 ml of brine (saturated NaCl (aq)). Dry the organic layer over MgSO 4 for 5 min. Filter the mixture through a 60 ml medium-porosity (10-16 mm) sintered glass filter funnel. Rinse the residue three times with 5 ml EtOAc each. Remove solvent at the rotavaporator. Dry the residue under high vacuum at room temperature for 1 h. m CRITICAL STEP In solution, the formyl groups of 2 are easily oxidized by dissolved oxygen. Oxidation is even faster during the silica column chromatography. Therefore, the contact time between the product and the silica gel should be kept as short as possible. Collected fractions should be combined and concentrated as soon as the chromatography is finished.
TIMING
Step 1 19| Remove methanol at the rotavaporator at room temperature. m CRITICAL STEP Connect a high-vacuum pump to the rotavaporator in order to remove methanol at room temperature. Amine is sensitive to oxidation. Minimize contact with air to reduce oxidation.
20|
Filter the mixture through a fine-porosity (4.0-5.5 mm) sintered glass filter funnel. Wash the white residue with enough water to remove all inorganic salts. Air-dry the residue for 30 min.
21|
Transfer the residue into a 25 ml round-bottomed flask and dry it at high vacuum line at room temperature overnight. The crude product is a fine powder and may have a slight yellow color. ' PAUSE POINT The product can be stored in freezer at À20 1C.
22| Dissolve 100 mg crude product in 500 ml methanol containing 30 ml TFA. Suck the solution into a 1 ml plastic syringe and pass it through a plastic syringe filter (0.20-0.45 mm).
23|
Inject the solution onto a preparative reversed-phased HPLC column at a flow rate of 15 ml min À1 . Monitor fractions by UV-visible at l ¼ 280 nm.
24| Collect fractions containing the major product (retention time t R B13.6 min). Evaporate the solvent to obtain a white crystalline powder. It might be necessary to repurify overlapping fractions containing 4 24TFA and the by-product M-C (Figs. 7 and 8).
25| Purify the remaining crude product in 100 mg portions by repeating Steps 22-24.
TIMING
Step 
ANTICIPATED RESULTS
Typical yields
The typical yield of the condensation step is approximately 75% as determined by integration of the imine proton signal of 1 at d ¼ 8.34 relative to the total integration of the imine proton signals in the 1 H NMR spectrum of crude 1 (Fig. 3c) .
The yield also depends on the reaction stoichiometry and is highest if 2 and 3 are added in an exact 1:2 ratio (82%). However, under these conditions, the reaction rate is slowest, as excess amino groups catalyze the transimination steps needed to reach equilibrium. An excellent compromise between yield and rate is the use of a small excess of amine (maximal 3%), which always gives greater than 70% yield. The subsequent reduction of 1 is essentially quantitative. The hydrolysis of the resulting boramine requires careful attention. The correct length of the hydrolysis step is very critical. If it is too short or too long, the presence of unhydrolyzed B-N groups or partially cleaved OCH 2 O acetal groups will strongly reduce the yield of 4 and make its purification more difficult. The exact time of the completion of this step is best determined by MALDI-TOF or ESI mass spectrometry. The ESI mass spectrum of 4 is shown in Figure 7 . Each unhydrolyzed B-N bond increases the mass of the hexameric nanocage by approximately 12 mass units and each cleaved acetal reduces the mass by 12 (see Fig. 7b ).
After complete hydrolysis, a small fraction of the acetal groups (typically less than 1%) will be cleaved. Fortunately, these by-products can be separated from 4 by HPLC. A representative HPLC profile of the crude product 4 24TFA is shown in Figure 8 . The product peak partially overlaps with that of a nanocontainer lacking one acetal (M-C). ESI-mass spectra of the purified product 4 and that of an overlapping fraction containing 4 and the nanocontainer lacking one acetal (M-C) are shown in Figure 7a ,b. After HPLC, the typical isolated yield of the final product 4 is 60% based on the starting material tetraformyl cavitand 2. 
Analytical data
